The proximal distal axis of the Drosophila leg is patterned by expression of a number of transcription factors in discrete domains along the axis. The homeodomain protein Homothorax and the zinc-®nger protein Teashirt are broadly coexpressed in the presumptive body wall and proximal leg segments. Homothorax has been implicated in forming a boundary between proximal and distal segments of the leg. We present evidence that Teashirt is required for the formation of proximal leg segments, but has no role in boundary formation. q
Introduction
Proximal distal axis formation in the Drosophila leg depends on the combined action of the secreted signaling proteins Wingless (Wg) and Decapentaplegic (Dpp). Wg and Dpp form overlapping gradients to specify the domains of expression of a number of transcription factors in discrete domains along the PD axis of the leg. Wg and Dpp induce Distal-less (Dll) and Dachshund (Dac) in the center of the disc (Lecuit and Cohen, 1997) . Wg and Dpp repress expression Homothorax (Hth) and Teashirt (Tsh) to de®ne the ring-like domains of Hth, Exd and Tsh expression in the proximal part of the disc Gonza Âlez-Crespo et al., 1998; Wu and Cohen, 1999) .
These domains re¯ect regionalization of the leg along the proximal-distal (PD) axis into a number of zones. Dll encodes a homeodomain protein required for leg development (Cohen et al., 1989) . In the mature leg the Dll domain corresponds to tibia and tarsal segments (Diaz-Benjumea et al., 1994; Gor®nkiel et al., 1997; Campbell and Tomlinson, 1998) . Dac encodes a nuclear protein that is required for proper development of proximal tibia and femur (Mardon et al., 1994) . Hth encodes a homeodomain protein that binds to Extradenticle protein (Exd) and regulates its translocation into the nucleus (Rieckhof et al., 1997; Casares and Mann, 1998; Kurant et al., 1998; Pai et al., 1998) . Exd and Hth are required for normal development of a region of the leg corresponding to body wall, coxa and trochanter, suggesting that the two proteins function together Morata, 1995, 1996; Rauskolb et al., 1995; Abu-Shaar and Mann, 1998; Gonza Âlez-Crespo et al., 1998; Pai et al., 1998; Wu and Cohen, 1999) . A recent report suggests a corresponding function for the vertebrate homolog of Hth in proximal leg development (Mercader et al., 1999) . Tsh encodes a zinc ®nger protein that is also expressed in body wall, coxa and trochanter segment primordia (Fasano et al., 1991; Cohen, 1993) .
At early stages of leg development the disc is subdivided into two domains: a proximal Tsh and Hth-expressing domain and a Dll expressing domain Wu and Cohen, 1999) . As the disc matures, additional expression domains are added. Dac is induced in a ring that originates from cells at the interface between the Hth and Dll domains and separates these domains as the disc grows (Weigmann and Cohen, 1999) . Dac has been implicated in regulating Dll and Hth expression . Slightly later a secondary ring of Dll expression arises to form a border between the proximal Tsh/Hth domain and the more distal Dac domain. Cells in the ring express Dll, Hth and Dac and have been implicated in forming a functional boundary between proximal and distal domains of the leg (Wu and Cohen, 1999) .
Previous studies have shown that Hth activity plays a role in de®ning this boundary region. Hth expression is suf®cient to alter cell behavior in the disc so as to make Hth-expressing cells unable to mix normally with distal cells (Wu and Cohen, 1999) . In the absence of Hth the proximal and distal segments fuse Wu and Cohen, 1999) . This correlates with loss of the Dll-expressing ring that normally demarcates the interface between these regions, consequently Hth activity is thought to make a functional boundary between proximal and distal regions (Wu and Cohen, 1999) . Although this boundary keeps proximal and distal cell population from mixing, it is not a boundary of cell lineage restriction. Lineage tracing studies have shown that there is a signi®cant net¯ow of cells across the boundary during normal development. Cells born in the proximal region lose Hth and Tsh expression and change their identity from proximal to distal as the disc grows (Weigmann and Cohen, 1999) .
In this report we address the role of Tsh in the proximal leg. We present evidence for a complex regulatory relationship between Hth and Tsh in which Hth acts both directly and indirectly to modulate Tsh levels and to de®ne the distal limit of Tsh expression. Although Hth and Tsh in¯uence each others expression, we show that tsh mutants produce quite different phenotypes from hth mutants in the leg. Tsh is required for development of the proximal leg segments, but has no role in formation of the boundary between proximal and distal domains.
Results and discussion

Tsh and Hth expression in the proximal leg
The leg disc consists of a single epithelial sheet in which the presumptive distal segments are speci®ed in the center and the presumptive proximal segments are speci®ed in the periphery. Cross-sections show that proximal segments, which express Hth and Tsh, fold back over the distal segments, which express Dll and Dac (Fig. 1A±D ). Hth and Tsh expression is limited to the proximal region of the disc through repression by the combined activities of Wg and Dpp (Abu-Shaar and Mann, 1998; Wu and Cohen, 1999) . Although the Hth and Tsh expression domains overlap through much of the proximal region, Hth expression extends more distally than Tsh. This is visible as a band of Hth expression that does not overlap Tsh in a basal optical section (Hth shown in red, center panel of Fig. 1B ). This band coincides with the outer ring of Dll expression (overlap of Dll, shown in blue and Hth appears purple in the merged image, arrow left panel Fig. 1B,C) . The Tsh domain overlaps the proximal edge of the Dll ring by one or two cells (arrowhead, Fig. 1B ; cells expressing both proteins appear light blue). Tsh expressing cells are also found beneath the disc epithelium (small arrows Fig.  1C,D) . Their location suggests that these may be adepithelial cells.
The spatial relationships between the expression domains in the epithelium can be seen most clearly in cross-section. Tsh overlaps the Dll ring by one or two cells (arrowhead Fig. 1C,D) . The most distal Tsh-expressing cells coincide with the proximal limit of the Dac expression domain. Dac expression is low in these cells (arrowhead, Fig. 1D ). As described previously, the distal limit of Hth expression corresponds to the edge of the Dll ring so that all cells in the ring express Hth, Dll and Dac ( Fig. 1C ; Wu and Cohen, 1999) . In the adult leg, the ring of Dll-lacZreporter gene expression corresponds to the border between the trochanter and femur segments (Fig. 1F, arrowhead) . Dll is expressed at a low level in the femur and at higher levels in the distal tibia and tarsal segments (see also Campbell and Tomlinson, 1998; Weigmann and Cohen, 1999) . A tsh GAL4 reporter gene is expressed throughout the coxa and trochanter segments (Fig. 1E ).
Hth regulates Tsh expression
To ask whether Hth regulates teashirt expression in the proximal leg, we examined Tsh protein levels in clones of cells mutant for hth C1 (Fig. 2 ). Clones were marked by the absence of b-Gal and by the absence of Hth protein. We observed opposite effects on Tsh expression depending on the position of the hth mutant clone within the Hth domain. Proximally located hth C1 clones show elevated Tsh expression (arrows, Fig. 2A ). hth C1 clones also show increased expression of a tsh-lacZ reporter gene (data not shown), indicating that the effect is on tsh transcription. Thus Hth functions as a repressor to modulate Tsh expression.
More distally located hth C1 clones lose Tsh expression (arrowhead, Fig. 2A ). Loss of Tsh expression in hth C1 clones correlates with ectopic expression of Dachshund (Fig. 2B, C) . As reported previously Wu and Cohen, 1999) , hth mutant clones cause ectopic expression of Dac close to the endogenous Dac domain, but do not do so in more proximal regions. The differential effect on Dac expression of hth clones located at different positions along the PD axis has been attributed to a role of Hth as a repressor of Wg and Dpp signaling Wu and Cohen, 1999) . Removing Hth allows Wg and Dpp to induce Dac in more proximal cells. The observation that the hth mutant clones which lack Tsh express Dac raises the question of whether Dac expression is suf®cient to repress Tsh. This was con®rmed by producing clones of cells expressing Dac at random positions in the leg disc. Dac-expressing clones repress both Tsh and Hth expression (Fig. 2D,E) . Thus the paradoxical loss of Tsh in more distal hth C1 clones can be explained as an indirect effect of Hth on Dac expression. Dac can repress both Tsh and Hth when overexpressed (Fig. 2E ). Thus the different distal limits of the Hth and Tsh expression domains presumably re¯ect a difference in their sensitivity to repression by Dac.
The observation that Tsh levels increase in proximal hth C1 clones suggested that Hth might serve as a repressor of Tsh. We next asked whether Hth overexpression could eliminate Tsh expression. Clones of cells overexpressing Hth do not repress Tsh in the proximal part of the leg (Fig. 2F ), indicating that increased Hth expression is not suf®cient to repress Tsh below the level of repression achieved by normal Hth levels. Taken together, these results suggest that Hth modulates Tsh expression levels in the proximal leg in two ways. Hth may act directly to reduce Tsh expression levels in the proximal leg, and indirectly via repression of Dac to de®ne the distal limit of Tsh expression (summarized in Fig. 2G ). The tarsal segments and distal tibia are strongly labeled. The proximal ring of Dll is located at the junction between femur and trochanter (arrowhead). co, coxa; tr, trochanter; fe, femur; ti, tibia; ta, tarsal segments.
Tsh is not required for Hth expression
To ask whether Tsh regulates Hth expression we produced clones of cells mutant for tsh. tsh null mutant clones were produced using X-rays in larvae heterozygous for the null allele tsh 8 and a P-element carrying a lacZ reporter gene inserted at the tsh locus. As illustrated in Fig. 3A , recombination proximal to tsh will produce clones of homozygous tsh 8 mutant cells, which lack the tsh-lacZ reporter, and twin-spot clones carrying two copies of the tsh-lacZ reporter. This allows tsh mutant cells to be de®ni-tively genetically marked by the loss of the tsh-lacZ reporter gene. Clones of tsh 8 mutant cells lack tsh-lacZ directed bGal expression (blue) and Tsh protein (green), but show normal levels of Hth protein (red, Fig. 3B,C) . Four tsh 8 mutant clones were recovered in the Tsh expression domain. In a second experiment clones of a weaker tsh mutant allele were examined. tsh B4-2-12 is a hypomorphic allele caused by a different P-element insertion at the tsh locus, in this case insertion of the lacZ reporter is the cause of the mutation. Following recombination, homozygous tsh B4-2-12 mutant cells carry two copies of the lacZ reporter gene and can be identi®ed by reduced Tsh expression (green) and by elevated b-Gal expression (blue, Fig. 3D ). Again, there is no effect on Hth expression in the mutant cells (red). Five tsh B4-2-12 mutant clones were recovered in the Tsh expres- sion domain. Note that the cells lacking the reporter gene are wild-type in this experiment. These observations suggest that Tsh is not required for Hth expression.
Tsh misexpression can induce Hth expression
Although Tsh is not required for Hth expression in proximal cells, we produced clones of cells expressing Tsh to ask whether Hth can be affected by ectopic Tsh expression. In control experiments, Tsh-expressing clones were labeled with anti-Tsh and marked with by GFP expression. Tshexpressing clones were recovered in all regions of the disc and Tsh protein was expressed at comparable levels by all GFP-expressing clones, independent of their position (data not shown).
The phenotypic effects of Tsh-expressing clones differs along the PD axis. Tsh-expressing clones in the endogenous Hth domain cause an increase in Hth expression and nuclear Exd (arrow, Fig. 4A ; Hth directs nuclear localization of Extradenticle, Rieckhof et al., 1997; Pai et al. 1998) . Optical sections near the top of the disc show that such clones round up and minimize contact with surrounding cells (Fig. 4E) . Clones expressing Hth in the proximal leg do not sort out, indicating that this effect is likely due to Tsh, not Hth (data not shown). Antennapedia is expressed in a subset of proximal leg cells. Tsh overexpression causes cell autonomous repression of Antennapedia in the proximal leg (Fig. 4E) . It is possible that repression of Antennapedia may contribute to the sorting behavior of Tsh-expressing clones. Overexpression of Tsh in its normal domain under tsh GAL4 control causes abnormalities in the number and pattern of bristles in the coxa (Fig. 4F ). Together these results illustrate that overexpression of Tsh perturbs normal leg development and suggest that repression of Tsh by Hth may be important to control Tsh levels in the proximal leg.
In the presumptive femur region, most Tsh-expressing clones cause ectopic expression of Hth and accumulate nuclear Extradenticle (Fig. 4B, arrows) . Clones that induce Hth in the femur also induce Dll expression (Fig. 4C) . Hthexpressing clones also induce Dll in the femur (not shown), suggesting that Hth can induce Dll. Tsh-expressing clones that induce Hth and Dll round-up and appear to minimize contact with neighboring cells. The sorting-out behavior of these clones in the femur is similar to that described previously for clones of cells expressing Hth directly under GAL4 control (Wu and Cohen, 1999;  as noted above this differs from the proximal region where Hthexpressing clones do not sort out). Hth is not induced in more distally located Tsh-expressing clones (Fig. 4B,C) . These clones are irregular in shape and do not segregate from the surrounding tissue (Fig. 4D) , suggesting that the Tsh-expressing cells intermingle freely with distal cells. This suggests that the sorting behavior of clones in the femur can be attributed to induction of Hth. To ask whether sorting out behavior of clones depends on Hth alone or Hth and Tsh, we examined Tsh expression in clones expressing Hth under GAL4 control. Six Hth-expressing clones that had sorted from the epithelial layer were examined in optical cross-section. Three of these expressed Tsh, three did not (Fig. 5) . Thus we conclude that coexpression of Tsh does not correlate with sorting-out behavior of Hth expressing clones. Sorting-out of some Tsh-expressing clones is likely due to the fact that they induce ectopic Hth expression. Most clones that exhibit this behavior are in the Dac domain, so they express Dac, Tsh, Hth and Dll. This combination of expression is normally found in the proximal Dll ring, which is thought to function as a boundary between proximal and distal leg regions (Weigmann and Cohen, 1999; Wu and Cohen, 1999) . Most Tsh-expressing clones that did not induce Hth were located in the distal part of the disc where levels of Wg and Dpp signaling are high. Wg and Dpp signaling has been shown previously to repress Hth expression Wu and Cohen, 1999) . Although many of these clones were located in the Dll domain (Fig. 4C,D) , some were proximal to it in the distal part of the Dac domain. Thus the behavior of Tsh expressing clones does not correlate in a simple way with either Dll or Dac expression. This suggests that Wg and Dpp signaling can in¯uence whether Tsh can induce Hth, but that they do not do so through Dll or Dac expression. This is consistent with our earlier report that Wg and Dpp dependent repression of Hth is not mediated by Dll (Wu and Cohen, 1999) .
distinct functions of Tsh and Hth in proximal leg segments
To assess the role of Tsh in development of the proximal leg we examined the phenotypes of adult viable mutant alleles of tsh. tsh GAL4 is a weak allele caused by insertion of the GAL4 enhancer-trap P-element. The trochanter is strongly reduced in legs of¯ies homozygous for tsh GAL4 (arrow, Fig. 6B ). The coxa is reduced and lacks most of the bristles and sense organs found in wild-type (Fig. 6A) . The femur is short, but contains the normal complement of proximal sense organs (including the sc11 group of campaniform sensillae that is normally located at the joint between femur and trochanter; sense organs are described in (Bryant, 1975) . Although the trochanter is reduced, joints can still be seen between coxa, trochanter and femur segments (e.g. arrow, inset Fig. 6B ). One or two sensilla trichodea are generally found at the articulation between the reduced trochanter and coxa segments (not visible at the magni®ca-tion in Fig. 6B ; there are normally two groups of 5±7 sensilla trichodea at this position in wild-type). The tibia and tarsal segments appears to be normal in tsh mutants (Fig. 6B,C) .
In a stronger mutant combination, tsh
GAL4
/tsh HD1 the trochanter is no longer detectable as a discrete segment and the coxa appears to articulate directly with the femur (arrow, Fig. 6C ). Both coxa and femur are reduced in size. No sense organs can be recognized on the coxa and trochanter rudiment, but the sc11 group of campaniform sensillae was reliably found on the proximal femur where it articulates with the coxa (Fig. 6D,E) . We also examined the legs in the mutant combination tsh /Df(2L)305, described in Erkner et al. (1999) . As in tsh GAL4 /tsh HD1 coxa and trochanter are fused and the femur contains the sc11 sense organ cluster (data not shown). The presence of the sc11 sense organ cluster in both mutant combinations indicates that the femur contains its normal complement of proximal structures, despite being somewhat shorter than normal. These observations suggests that boundary formation between coxa/ trochanter and femur is normal. The shortening of the femur in both strong tsh mutant combinations suggests that defects in the trochanter and coxa may have non-autonomous effects on femur development. This may re¯ect the ®nding that many of the cells that contribute to femur development originate in the Tsh-expression domain at earlier stages of development and are displaced distally as the disc grows (Weigmann and Cohen, 1999) . The tsh GAL4 / tsh HD1 mutant phenotype is largely suppressed by introducing a UAS-Tsh construct for expression under tsh GAL4 control, except that the bristle pattern is slightly abnormal (Fig. 6F) .
Reducing Tsh activity produces a phenotype quite distinct from that of removing Hth activity. Tsh is required for the development of trochanter and coxa but does not appear to have a role in segment boundary formation (in contrast to the conclusions drawn by Erkner et al. (1999) ). Hth and its partner Extradenticle are required to prevent fusion of coxa and trochanter with the femur (Gonza Âlez-Crespo and Morata, 1995; Rauskolb et al., 1995; Wu and Cohen, 1999) . To better understand the basis for the defects in tsh mutant legs we examined Hth, Dll and Dac expression in tsh GAL4 /tsh HD1 and tsh
/tsh GAL4 mutant discs ( Fig. 7 and not shown). In wild-type discs Hth and Dac expression overlap in the proximal ring of Dll expression. Hth function in this ring is required for the af®nity boundary between proximal and distal regions of the leg. This basic relationship holds in the tsh GAL4 /tsh HD1 leg disc. Hth, Dll and Dac expression overlap (Fig. 7A) , and the af®nity boundary between proximal and distal leg segments appears to be intact (e.g. Fig. 6C ). The principal difference in these discs is expansion of the Dll domain into the proximal, Hth-expressing region. The spatial relationship between Hth and Dac is normal. Expansion of Dll expression in tsh mutants has also been reported by Erkner et al. (1999) . Ectopic Dll expression is not suf®cient to repress Hth, as reported previously (Wu and Cohen, 1999) , but does appear to reduce the size of the coxa and trochanter and to cause problems that result in loss of pattern elements from the remaining portions of these segments. Even slight reductions in Tsh activity causes loss of sensory bristles from the coxa. In contrast, small clones of hth mutant cells are capable of differentiating bristles (Fig. 6G) .
Taken together, these observations suggest that Tsh and Hth have distinct functions in the proximal leg. Hth limits the proximal extent of Dac expression, and is required for the af®nity boundary between trochanter and femur. Tsh limits the proximal extent of Dll expression and is required for proper growth and differentiation of proximal segments, but does not appear to have a role in PD boundary formation. produced by irradiating tsh B4-2-12 /1 larvae under comparable conditions. tsh B4-2-12 is caused by insertion of a Pelement that expresses lacZ in the tsh domain. Consequently clones of cells mutant for tsh carry two copies of the Pelement and can be identi®ed by elevated lacZ expression, in addition to lack of Tsh expression. The wild-type twin spot can be identi®ed by the absence of lacZ expression, if the clone is locates in the tsh expression domain.
